One sentence summary: The outer membrane porin protein ompK36 gene was disrupted by IS elements in two hospital Klebsiella pneumoniae strains resulting in a lack of OmpK36 protein production and change in antibacterial resistance. Editor: Jana Jass
INTRODUCTION
Antibiotic resistance of hospital pathogens is a big challenge for world health, associated with large economic losses and losses of human lives (O'Neill 2014) . The spread of antibiotic resistance is associated, on the one hand, with an increase in consumption of antimicrobials (including uncontrolled consumption), and on the other hand, with activation of bacterial evolution of resistance mechanisms (Courvalin 2008; Bell et al. 2014) . The most significant variability of antibiotic resistance mechanisms were observed in the high-tech medical care departments (abdominal surgery, neurosurgery, cardiac surgery, transplantation, burns units, oncology and others) and intensive care units (ICUs), which are the source of multidrug-resistant (MDR), extremely drug-resistant (XDR) and pandrug-resistant (PDR) hospital infectious agents (Magiorakos et al. 2012) . Klebsiella pneumoniae is one of the major nosocomial pathogens and has a large number of resistance mechanisms: genes, integrons, transposons, plasmids, prophages and resistance islands that provide the spread of drug resistance by the vertical and horizontal types (Chen et al. 2004; Conlan et al. 2014; Fursova et al. 2015; Shaikh et al. 2016) . It was shown that mutations in the porin protein ompK36 gene (substitutions, insertions and deletions of one or more nucleotides, insertion of IS) result in a change of Klebsiella antibiotic susceptibility, which is to increase the levels of resistance to antibiotics (Clancy et al. 2013) .
The aim of this study was the characterization of the hospital K. pneumoniae strains collected from the patients of a Moscow neurosurgery ICU and the determination of the primary structure of the ompK36 gene carrying insertions of IS elements resulting in a lack of OmpK36 production. During the work, antibiotic resistance phenotypes and genotypes of the strains were identified to reveal the molecular-genetic mechanisms of resistance to antibacterials.
MATERIALS AND METHODS

Ethical approval
All procedures performed in studies involving human participants were in accordance with the ethical standards of the Burdenko Neurosurgical Institute, the National Russian Research Committee, and with the 1964 Declaration of Helsinki and its later amendments or comparable ethical standards.
Ethical requirements
The materials used in the work do not contain any personal data of patients because the clinical isolates obtained from them are marked without names, date of birth, residence addresses, medical history, personal documents or other personal materials. At the same time, in accordance with the Requirements of the Russian Bioethical Committee, each patient signed a contract with the medical ward at admission to the clinic containing consent to the treatment and laboratory examination, including a general survey using instrumental methods.
Bacterial strains
Antibacterial-resistant K. pneumoniae strains (n = 196) were isolated from the patients of the Moscow neurosurgery ICU in the period from October 2012 to April 2016. Bacteria were grown on nutrient media: Medium number 1 GRM (SRCAMB, Obolensk, Russia), Luria-Bertani broth (Difco, Detroit, MI, USA) and Mueller-Hinton (HiMedia, Mumbai, India). Storage of bacterial cultures was performed in 10% glycerol at −70
• C. The bacteria were identified using Vitek-2 (BioMerieux, Paris, France) and MALDI-TOF Biotyper (Bruker Daltonik GmbH, Bremen, Germany) instruments. 
Antibacterial susceptibility
Analysis of outer membrane proteins
Outer membrane proteins were isolated according to the Rapid Outer Membrane Protein Procedure of Carlone et al. (1986) . Further, the membrane suspensions were diluted in distilled water to contain 50 μg of protein in 25 μl. After an equal volume of solubilization buffer was added (20% glycerol, 10% 2-mercaptoethanol, 4% SDS in 0.125 M Tris, pH 6.8, and 10 μl of 0.05% bromophenol blue per milliliter of buffer), the suspensions were heated to 100
• C for 5 min. The proteins were separated by SDS-PAGE with 4% stacking and 11% separating gels, and stained with Coomassie brillant blue.
Detection of genetic resistance determinants
Antibacterial resistance determinants bla CTX-M , bla TEM , bla SHV , bla OXA-48-like , and bla NDM beta-lactamase genes (Hujer et al. 2006; Priamchuk et al. 2010; Yang et al. 2012) , class 1 and 2 integrons (Priamchuk et al. 2010 ) and the porin protein ompK36 gene (Chen et al. 2010) were detected by PCR. The boiled lysates were used as a template for DNA amplification (Priamchuk et al. 2010) . PCR was done on GradientPalmCycler (Corbert Research, Mortlake, NSW, Australia) and Tercyc (DNA Technology, Moscow, Russia) instruments followed by electrophoresis in 1.5% agarose gel.
Klebsiella pneumoniae plasmid profiles
Plasmid DNA was extracted from K. pneumoniae cells by Gene-JET Plasmid Miniprep Kit (Fermentas Thermo Fisher, Vilnius, Lithuania). Visualization was done by electrophoresis in 0.7% agarose gel and detection using the Molecular Imager Gel Doc XR system (BioRad Laboratories, Hercules, CA, USA). Plasmid DNAs from bacterial isolates and their transformants were compared to those of reference sizes (E. coli NCTC 50192; 156, 66, 48 and 7 kb) (Karim et al. 2001) .
Vector plasmid pACYC-gfp designing
Vector plasmid pACYC-gfp was designed as follows: plasmid DNA pKK214GFP/ASV (Abd et al. 2003) kindly provided by Dr M. Forsman (Swedish Defence Research Agency, Umea, Sweden) was digested by PstI-EcoRI restriction endonucleases that resulted in a 826 bp fragment carrying a gfp gene with SD sequence, ligated with pBlu2SK(-) plasmid digested by the same restriction endonucleases. The obtained pBlu-gfp plasmid was digested by SmaI-SalI restriction endonucleases and ligated 
Cloning of ompK36 gene
The ompK36 gene was amplified from chromosomal DNA of K. pneumoniae strain KPB-542/15 by PCR with primers ompK36F (5 -CCACTCCATATGAAAGTTAAAGTACTGTCC-3 ) and ompK36R (5 -GCTCTCGAGTTAGAACTGGTAAACCAGG-3 ) using High Fidelity PCR Enzyme Mix (Fermentas Thermo Fisher, Vilnius, Lithuania 
DNA transformation
Klebsiella pneumoniae bacterial cells were transformed by the pACYC-gfp and pACYCg-ompK36 plasmids DNA using the method described by M. J. Merrick (Merrick, Gibbins and Postgate 1987) .
RNA extraction and cDNA synthesis
Total RNA extraction from K. pneumoniae cells was done using an RNA-extran kit (SYNTOL, Moscow, Russia) by the method of acidic phenol extraction by Chomczynski (Chomczynski and Sacchi, 1987) . Visualization of RNA was conducted by electrophoresis in 1% agarose gel. Reverse transcription was done using an OT-1 kit (SYNTOL, Moscow, Russia). Samples of cDNA were used as a matrix for PCR with specific primers on betalactamase genes. Experiments were repeated three times.
DNA sequencing
Sequencing of PCR products was performed using a reagent kit ABI PRISM R BigDye Terminator v. 3.1 kit and analyzed on an automated DNA sequencer ABI PRISM 3100-Avant (SYNTOL, Moscow, Russia).
Bioinformatic analysis
Analysis of the primary DNA sequences was performed using Vector NTI9 (Invitrogen, Carlsbad, CA, USA) and Chromas (Technelysium Pty Ltd, South Brisbane, QLD, Australia) software, and the BLAST web resource (http://blast. ncbi.nlm.nih.gov/Blast.cgi). Integron structures were analyzed using the INTEGRALL web resource (http://integrall. bio.ua.pt/?). IS element sequences were analyzed by the ISfinder web resource (https://www-is.biotoul.fr/index. php). 
DNA sequences presented in GenBank database
Four ompK36 genes (KJ579289; KJ579292; KR779865; KT175901), and two ompK36 genes with insertions of IS elements (KX232456; KX347524) detected in K. pneumoniae strains under study were submitted into the GenBank database.
RESULTS AND DISCUSSION
It was shown in the characterization of antibiotic-resistant K. pneumoniae strains collected from Moscow neurosurgery ICU patients in 2012-16 (n = 196) that the majority of strains were obtained from the respiratory system (53.6%) and urine (32.1%); the remaining strains were isolated from blood (3.6%), cerebrospinal fluid (5.4%) and surgical wounds (5.4%). Analysis of the strain susceptibility to antibacterials of eight functional classes revealed that the vast majority (98.0%) of strains belonged to the category of multiple drug-resistant (MDR) bacteria because they were resistant to three or more functional classes of antibiotics. Furthermore, most of the strains (83.2%) were resistant to five or more functional classes of antibiotics: to five (26.0%), to six (24.5%), to seven (30.1%) and to eight (2.6%) functional classes. All strains were resistance to beta-lactams: 98.4% to nitrofurans, 96.7% to quinolones, 94.0% to phenicoles, 91.8% to aminoglycosides, 52.5% to sulfonamides, 52.0% to tetracyclines and 20.0% to polymyxins. The presence in the hospital environment of the neurosurgery ICU of such a large proportion of MDR pathogens considerably reduces the possibility of antibiotic therapy for patients with postoperative complications.
The molecular mechanisms of beta-lactam resistance in the strains under study were associated with a high prevalence of beta-lactamase genes: 97.4% strains had bla SHV genes, 84.7% of strains had bla CTX-M genes, 56.1% of strains had bla TEM genes, 49.0% of strains had bla OXA-48-like genes, and one strain had the bla NDM-1 gene. Resistance to aminoglycosides and sulfonamides were most likely attributed to class 1 integrons-43.4% of strains had such structures. Four types of gene cassette arrays (dfrA17-aadA5), (dfrA1-orfC), (dfrA12-orfF-aadA2) and (aadBaadA1) were identified in the integrons. Porin protein ompK36 genes were detected in all hospital Klebsiella strains under study by PCR. A significant increase in the expected size of the amplified product was revealed in two strains isolated from the trachea of two patients with mechanical ventilation.
Insertion of two different IS elements into the ompK36 gene were identified by DNA sequencing. Insertion of the IS1R element belonging to the IS1 family at the position of the 86th nucleotide of the ompK36 gene was identified in K. pneumoniae strain KPB-367K/15 collected in March 2015. The structure of the IS1R element was identical to the corresponding structure of the previously described IS1R element [GenBank J01730 ]. This IS element has two open reading frames (ORFs), TnpA transposase gene (276 bp) and TnpB transposase gene (525 bp) overlapping over 103 bp, unique 9 bp direct repeats (DRs) (CAAAGACGG) and 50 bp inverted repeats IRL and IRR [GenBank KX347524]. Insertion of the IS1R element at this site of the ompK36 gene had not been described before our study (Fig. 1A) .
Insertion of the IS10R element belonging to the IS4 family, IS10 group at the position of the 41st nucleotide of the ompK36 gene was identified in K. pneumoniae strain KPB-2304K/15 collected in December 2015. The IS10R element is characterized by unique 15 bp direct repeats (DRs) (GGTACCGGCTCTGCT), a 1209 bp transposase gene and 50 bp inverted repeats IRL and IRR [GenBank KX232456] (Fig. 1B) . This IS10R element is identical to the previously published IS10R element from Salmonella typhimurium [GenBank J01829]. It should be noted that this is the first case of identification of IS4 family and IS10 group in the ompK36 gene that was confirmed by searching in the GenBank and ISfinder databases on 6 June 2016.
Both K. pneumoniae strains carrying ompK36 genes disrupted by IS elements in our study lack the OmpK36 porin protein production that was detected by the electrophoretic analysis of outer membrane proteins (Fig. 2) . The MDR phenotype of K. pneumoniae strain KPB-2304K/15, including resistance to six functional classes of antibiotics (beta-lactams, phenicoles, quinolones, aminoglycosides, sulfonamides and nitrofurans) but sensitivity to tetracyclines, was associated with the presence of bla SHV , bla TEM and bla CTX-M , and class 1 integron in the genome of the strain. The K. pneumoniae strain KPB-367K/15 also had the MDR phenotype, including resistance to six functional classes of antibiotics (beta-lactams, tetracyclines, phenicoles, quinolones, aminoglycosides and nitrofurans) but sensitivity to sulfonamides. The strain carried bla SHV and bla CTX-M-15 beta-lactamase genes in its genome. Several other events of IS element (IS1, IS5, IS26) insertions into the K. pneumoniae ompK36 gene were reported before our study. The authors of these studies noted that mutations of the ompK36 gene caused by IS elements resulted in the loss of the main Klebsiella porin protein expression, and expansion of the spectrum of beta-lactam resistance, including resistance to carbapenems (Hernández-Allés et al. 1999; Mena et al. 2006; Song et al. 2009 ).
In our study, we assessed the genotypes and phenotypes of isogenic variants of the K. pneumoniae strain KPB-367K/15: carrying the ompK36 gene disrupted by an IS1R element compared to the recombinant clones carrying plasmid with the intact ompK36 gene. For this purpose, the intact ompK36 gene was cloned from the genome of the K. pneumoniae strain KPB-542/15 using the pACYC-gfp vector plasmid. It was shown that clones harboring recombinant plasmid pACYCg-ompK36 regained the ability to produce OmpK36 porin protein (Fig. 2) and were slightly more sensitive to imipenem compared to the original strain K. pneumoniae KPB-367K/15 ( Table 1) that is in agreement with results published by other researchers. Plasmid profiles of the OmpK36-producing strain (KPB-542/15), two OmpK36-negative strains (KPB-2304K/15 and KPB-367K/15) and two transformant clones producing recombinant OmpK36 porin protein are presented in the online supplementary material (Fig. 2S) .
With the aim of obtaining information on how the porin protein OmpK36 production was associated with beta-lactamase production and the antibacterial phenotype, we studied an OmpK36-producing strain, OmpK36-negative strains and recombinant strains obtained in a complementation experiment. It was shown by the reverse transcription PCR (RT-PCR) procedure that the OmpK36-producing K. pneumoniae strain KPB-542/15 expressed both presented in the genome bla SHV and bla CTX-M beta-lactamase genes. Unlike the OmpK36-positive strain, OmpK36-negative strains K. pneumoniae strain KPB-367K/15 and K. pneumoniae strain KPB-2304K/15 demonstrated weak expression of beta-lactamase genes. At the same time, OmpK36 complementation in recombinant K. pneumoniae KPB-367K/15pACYCg-ompK36 strains resulted in increasing expression of the bla CTX-M gene ( Table 2 ). The significance of this phenomenon is not clear.
In conclusion, the revealed molecular-genetic mechanisms of the MDR phenotype for hospital K. pneumoniae strains under study were: the presence of beta-lactamase genes and genetic cassettes of class 1 integrons. Moreover, in some strains, loss of major porin protein OmpK36 as a result of disruption by IS elements into the ompK36 gene may be the cause of a change to the resistance phenotype. Two genetic events, insertions of two IS elements into the ompK36 gene, were detected in hospital K. pneumoniae strains isolated from two patients in the Moscow ICU in March and December 2015. The first event was insertion of an IS1R element belonging to the IS1 family into a new site of the ompK36 gene (86th nucleotide) in K. pneumoniae strain KPB-367K/15. The second event was insertion of a novel for Klebsiella IS10R element belonging to the IS4 family and IS10 group into the ompK36 gene (41st nucleotide) of K. pneumoniae strain KPB-2304K/15. DNA transfer of the intact ompK36 gene into the strain KPB-367K/15 by vector plasmid restored OmpK36 porin protein production and resulted in a decrease of imipenem minimal inhibitory concentration. Such data confirm the importance of IS elements in ongoing MDR evolution in hospital Klebsiella.
SUPPLEMENTARY DATA
Supplementary data are available at FEMSLE online.
FUNDING
This work was supported by the Russian Science Foundation [Grant number 15-15-00058] .
